SAKAI, Y. Stereotyped Phrenic Response to Laryngeal A fferent Volleys : The Mechanism and Anesthetic Sensitivity. Tohoku J. Exp. Med., 1988, 156, Suppl., 33-41-The stereotyped reflex changes in phrenic discharge, produced by train(s) of electrical shocks to myelinated afferents in the internal branch of the superior laryngeal nerve (SLN), were studied in vagotomized cats and rabbits, mechanically ventilated with the mixture of oxygen and nitrous oxide. Single weak shocks caused a short latency (4-5 msec) phrenic response, an excitation followed by a slight inhibition for 10 msec, which was repeatable at a rate of 200 Hz or more. Repeated weak shocks at a rate higher than 100 Hz or single stronger shocks caused a powerful inhibition with a limited duration (25-30 cosec) of both the central inspiratory activity (CIA) and short latency response. This stereotyped inhibition, which was followed by a rebound excitation, could occur every 30-50 msec with some reduction and was apparently associated with a decreased slope of integrated phrenicogram. During inhalation of halothane (0.5-1.5%), the short latency phrenic response was reduced, while the stereotyped inhibition and the reduction of phrenic augmentation were markedly enhanced when the CIA was slightly depressed by halothane inhalation. Therefore, the stereotyped inhibition would represent an important mechanism of the reflex slowing of inspiration produced by myelinated laryngeal afferents. myelinated laryngeal afferents ; short latency phrenic response ; stereotyped inhibition ; inspiratory slowing ; susceptibility to halothane
The laryngeal reflexes are important in the regulation of breathing as well as in maintaining the upper airway patency (Boushey et al. 1972) . A number of mucosal and joint capsular receptors in the larynx, most of which have myelinated afferent fibers, have been characterized and classified (Sampson and Eyzaguirre 1964; Storey 1968; Boushey et al. 1974; Widdicombe 1986 ). On the other hand, the relevent central integrative processes have been chiefly studied by electrical stimulation of the main afferent pathway from the larynx, the internal branch of the SLN (Biscoe and Sampson 1970a, b ; Berger 1977 ; Sessle et al. 1978 ; McCrimmon et al. 1987) . Single shocks to the SLN produce a stereotyped response of the phrenic nerve consisting of a short latency (disynaptic) excitation followed by a marked inhibition of the discharge (Iscoe et al. 1979 ). The inhibi-33 tion has been implicated in the inspiratory termination.
The principal aim in the present study is to characterize the phrenic responses evoked by laryngeal afferent shocks repeated at a rate higher than 100 Hz. Some of the results were briefly reported elsewhere (Sakai 1987 latency of 4-5 msec was evoked by single shocks and the response could follo each shock repeated even at 200 Hz, though a period of its supression was seen for 25-30 msec after the first response (Fig. 1) . In the PSTH, each excitatory response was followed by a mild-to-moderate inhibition lasting for 10 msec or less, when either single shocks or a train of shocks at a rate of 100 Hz or less were delivered (Fig. 4) . The stereotyped inhibition. A long train of weak afferent shocks repeated at a frequency higher than 100 Hz always produced a marked suppression of the CIA as well as a reduction of the short latency evoked discharge after the first evoked discharge (Fig. 2 Al and A2). The inhibition was most potent at 10-15 msec after the first shock and had a duration of 20 msec or more. It was more marked and sustained by increasing the intensity of stimulation up to 0.4 V with 0.1-msec pulses but the duration never exceeded 30 msec. This inhibition was followed by waves of the uninhibited or rather enhanced short latency excitation with an underlying less marked inhibition of the CIA continued as long as shocks were repeated. A rebound excitation of the CIA was apparent within 10 msec follow ing the last short latency excitation.
Therefore, the marked inhibition following the first evoked discharge had all characteristics of a stereotyped one and could be differentiated from the brief slight inhibition repeatable even at 200 Hz. A brief train of a few weak shocks or a single shock of a stronger intensity could also evoke a more or less marked inhibition lasting for 15-25 msec similar to the stereotyped one (Fig. 2B, C and Fig. 5 ). Such a stereotyped inhibition could be evoked every 30 msec by each of paired brief trains of shocks, although the second one evoked 30-50 msec later was less in extent and duration (Fig. 2B, C and Fig. 5) . A slight increase in the intensity of afferent shocks could only partly improve the second inhibition ( Fig.  2 B2 and C2) . The reduction of the slope of integrated phrenicogram and the prolongation of the inspiratory time produced by laryngeal afferent shocks. Short trains of shocks repeated during inspiratory periods often caused a reduced slope of the integrated phrenicogram which was always associated with a more or less marked fragmenta tion of discharge, as an evidence of the stereotyped inhibition ( Fig. 3C and D) . In animals, which were being recovered from halothane anesthesia, however, a reduction of the slope was observed only when a nearly full extent of the stereotyped inhibition was evoked by each of trains of afferent shocks of a relatively stronger intensity. Furthermore, trains of shocks delivered during the incrementing phase of phrenic discharge almost always caused an increase in the inspiratory time. On the contrary, an inspiratory phrenic discharge was sometimes terminat- ed earlier, which occurred only when a train of shocks occasionally fell toward the end of discharge (Fig. 3B) . Effects of halothane on the phrenic responses to laryngeal afferent shocks. Inhalation of halothane caused a dose-dependent decrease in the short latency phrenic responses, both excitatory and inhibitory, evoked either by single shocks or by a train of shocks at a rate of 100 Hz or lower (Fig. 4B, C and D) . This effect was observed even when the CIA was not significantly reduced. After the withdrawal of halothane, the recovery of the responses was very slow (E and F). In most cases, it took an hour for a complete recovery.
On the other hand, the stereotyped inhibition of a moderate-to-full extent, produced by brief trains of shocks at 200 Hz, was always enhanced by inhalation of halothane (Fig. 5 B2 and B3) . However, the weak inhibition evoked by afferent shocks with intensity slightly above the threshold seemed to be reduced, as shown by a less suppressed short latency excitation during the inhibition (B 1). Both effects were observed even when halothane caused a slight decrease in the CIA. A greater reduction of the CIA under inhalation of 1.5% halothane was always accompanied by a decrease in the rebound excitation preceded by a more sustained stereotyped inhibition.
The decrease in the slope of integrated phrenicogram caused by inspiratory trains of afferent shocks, was also more marked during halothane inhalation. Thus, a great reduction of the slope was produced by such trains of shocks of a weak intensity, which have failed to produce any significant change before inhalation of halothane. On the contrary, the reflex increase in the inspiratory time was rather reduced during the inhalation, while the reflex earlier termination of phrenic discharge tended to be enhanced.
DISCUSSION
The present study successfully demonstrated that two distinct types of phrenic responses, both a short latency (disynaptic) excitation followed with brief slight inhibition and a long lasting powerful stereotyped inhibition, are evoked by weak electrical shocks, which may probably cause selective activation of myelinated laryngeal afferents and that both responses differ in their susceptibil ity to halothane. Such a distinction between the slight inhibition lasting less than 10 msec and the stereotyped one following the evoked phrenic discharge has not been described (Iscoe et al. 1979 ). The former was always associated with the preceding excitation even when shocks were repeated at 200 Hz and both before and during inhalation of halothane. These observations exclude the possibility that the inhibition would be mediated by any inhibitory interneuron. Instead, the nature of the inhibition would be explained by assuming that a synchronous firing of a group of phrenic premotor neurons in response to laryngeal afferent activation is followed by a brief period of the reduced firing.
On the other hand, the stereotyped inhibition had many properties of a transsynaptic one, including a summation of train of afferent volleys at a rate higher than 100 Hz, a limited duration (ca. 25-30 msec), an accompaying rebound excitation and a period of the reduced extent of the second inhibition lasting 20-30 msec after the first one. A similar phrenic inhibition due to disfacilitation has been noted by Biscoe and Sampson (1970b) . Therefore, it would be mediated by an unidentified group of inhibitory interneurons with a self limiting mechanism. Furthermore, the concurrent suppression of short latency evoked phrenic discharge indicates that premotor neurons will be subject to the stereotyped inhibition. However, it is uncertain that the source of their inspiratory activity is also affected.
The restricted duration of the stereotyped inhibition would be explained neither by a membrane property of inhibitory interneurons, since halothane will then rather reduce their repetitive firing due to its action on the membrane of neuronal somata and presynaptic terminals (Trudell 1977) , nor by the CIA of premotor neurons which will be suppressed by this inhibition, because the dura tion was not so greatly increased in association with a considerable reduction of the CIA after hyperventilation (Sakai 1987) . Thus, the remaining probable explanation for such a self limiting mechanism, that which is enhanced by halothane, would be a recurrent inhibitory feedback to the inhibitory interneur ons.
It is also noteworthy that both the short latency excitation and inhibition of the phrenic nerve by single shocks were reduced by halothane, possibly due to its action at the laryngeal afferent terminals on premotor neurons. The same should be also true at the terminals on the presumed interneurons mediating the stereotyped inhibition.
In fact, the weak one evoked by a brief train of shocks of the intensity slightly above the threshold was rather reduced during inhalation of halothane.
The stereotyped inhibition may have a special role in the respiratory regula tion. One would assume that it is a central mechanism for producing reflex inspiratory slowing, since it had a more close association with this effect than either with the inspiratory prolongation or with the earlier termination. A fragmentation of phrenic or diaphragmatic discharge has been shown in cats to occur at a rate of 10 times/sec during mechanical stimulation of the laryngeal mucosa (Boushey et al. 1972) or at a rate of 20-30 times/sec during purring (Remmers and Gautier 1972) . The reflex effect, at least during purring, may be produced by the stereotyped inhibition of the CIA.
On the other hand, the short latency phrenic response to repetitive afferent shocks may have a role in modulating the high frequency oscillation of premotor discharge (Cohen 1973; Takano et al. 1987 ). Thus, the slight inhibition follow ing a stereotyped inhibition during a long train of shocks at 200 Hz is supposed to be due to an interferrence of the excitatory laryngeal inputs with the high frequency oscillation.
The origin of myelinated laryngeal afferents, whose activation produces two types of phrenic responses, would be an interesting question. My recent study shows that trains of weak mechanical shocks of 2-3 msec in duration delivered to the epiglottis mucosa can evoke similar phrenic responses as well as a group II afferent volley for 2-3 cosec in the internal branch of the SLN in response to each shock. Therefore, the phrenic responses to laryngeal afferent shocks described may well correspond to the reflex effects of mucosal mechanoreceptors of the larynx.
